We report on the generation of assemblies comprising number density gradients of nanoparticles in two (2D) and three (3D) dimensions. These structures are fabricated by creating a surface-bound organic template which directs the spatial arrangement of gold nanoparticles. The 2D template is made of amine-terminated organosilane with a concentration gradient along the solid substrate. The 3D matrix comprises surface-anchored poly(acryl amide), whose molecular weight changes gradually on the specimen. In both cases, the composite is assembled at low pH, where the positively charged -NH + 3 groups within the organic scaffold attract negatively charged gold nanoparticles. We use a battery of experimental tools to determine the number density of particles along the gradient substrate and in the case of 3D structures also their spatial distribution. For 2D gradient assemblies, we show that gold nanoparticle coverage on the surface decreases gradually as the concentration of substrate-bound aminosilane decreases. The number of particles in the polymer brush/particle hybrid is found to increase with increasing polymer molecular weight. We show that for a given grafting density of polymer brush, larger particles predominantly stay near the brush-air interface. In contrast, smaller nanoparticles penetrate deeper into the polymer brush, thus forming a 3D structure. Finally, we discuss possible applications of these nanoparticle gradient assemblies.
Introduction
Fabrication of structures comprising organized arrays of nanoparticles embedded in material matrices represents one of the most important challenges facing today's materials scientists and engineers.
The macroscopic properties of nanoparticle-based composites will reflect both the characteristics that are specific to nano-objects [1, 2] (e.g. sizedependent optical and electronic properties, ability to form ferromagnetic monodomains and optical microcavities or to generate third-order harmonic optical waves) as well as those 3 www:http://scf.che.ncsu.edu which are characteristic of a large-mesh periodic structure of nanoparticles in the matrix (e.g. a possible coherent response to electromagnetic radiation) [3] [4] [5] . From a technological point of view, the unusual optical, electronic, magnetic, adsorption and other important material characteristics of nanoparticle/matrix hybrids can be utilized in a large variety of applications, including high-density information storage media, sensors, magnetic fluids, medical diagnostics, membranes and catalysts, etc [6] .
One of the requirements in many of the aforementioned applications is to have nanoparticles attached to a tangible substrate. This is typically achieved through covalent or electrostatic interaction of particles with a substrate-bound molecular or polymer film [7] [8] [9] [10] . For example, Natan and co-workers immobilized gold nanoparticles on self-assembled monolayers (SAMs) of amino-or mercaptosilanes bound to a silica substrate. While the driving force for attachment of particles to mercaptosilanes is strong chemical affinity between gold and sulfur, it is the electrostatic interaction between negatively charged gold particles and positively ionized amino groups that is responsible for attachment in the case of aminosilanes [9, 10] . The protocol requires formation of organosilane-based SAMs on the substrate followed by immersion of the substrate in a colloidal gold solution. Adsorption of particles by this method results in only a submonolayer coverage, further adsorption on the surface being limited by repulsion between the charged particles. Often, such low surface coverage does not produce the property enhancement expected due to the presence of nanoparticles, thus limiting the practical utility of the nanoparticle-based devices. One method to increase surface coverage and loading of particles on the substrate is to form multilayers of particles by using bifunctional cross-linkers, such as dithiols [11] , or by utilizing electrophoretic deposition [12] . Tremendous signal enhancement attained by the presence of a large number of nanoparticles in these multilayer particle assemblies constructed on an electrode using a redox-active cross-linker has been exploited in electronic, photochemical and sensor applications [13] . Sequential layer-by-layer (LbL) deposition of nanoparticles and oppositely charged polyelectrolytes has also been employed for the fabrication of multilayer assemblies of nanoparticles [14] . An alternative way to increase particle loading in the nanostructured material is to generate threedimensional assemblies of particles using an external matrix such as a polymer. Typical examples of this approach include use of block copolymer matrices [15] or polymers tethered chemically to the substrate [16] .
In addition to the practical motivations necessitating the fabrication of 3D particle assemblies, there is a great academic impetus to extend the studies of nanoparticle assemblies from two (2D) to three dimensions (3D). This interest stems from recent observations showing that nanoparticles exhibit strikingly different collective properties in 2D and 3D structures [11, 17] . For example, 2D assembly of gold nanoparticles is IR transparent and electrically insulating. Natan and co-workers found that as the particle assembly is varied from 2D to 3D by depositing multilayers of particles, the multilayer structure exhibits a huge decrease in near-infrared (near-IR) transmittance and about a million-fold decrease in electrical resistance. This resistance has been found to be a function of the number of nanoparticle layers and the thickness of cross-linker between the layers [11] . At sufficiently high gold colloid coverage, the structure undergoes an insulator-toconductor transition.
Due to several advantages that polymers have over the classical metal-, ceramic-or semiconductor-based matrices, 3D composites based on nanoparticle/polymer dispersions may constitute the next generation of structures for the aforementioned applications. Polymers are usually optically transparent, possess insulating properties and are inexpensive and easy to process. There are two additional features, not usually found in other classes of materials, which make polymers exceptionally attractive candidates as matrix materials for nanostructured hybrids. The first is the ability of certain polymeric moieties, such as amphiphilic block copolymers or phase-separated polymer blends, to form periodically modulated structures on different length and time scales. Such ordered morphologies, many of which cannot be produced using any other currently available nanotechnology method, can be used as templates for ordering embedded nanoparticles. The second remarkable property of polymers is their ability to either stay in a solid glassy state or behave as viscous fluids, depending on whether the temperature is below or above their glass transition temperature. This solid/fluid duality of polymers allows one to control the mobility of guest nanoparticles embedded in polymeric matrices by simply adjusting the processing temperature or the content of a plasticizer. While some studies have appeared that reported on embedding nanoparticles into block copolymer matrices [18] [19] [20] [21] [22] , the research is still in its infancy. The mechanism of organization and the degree of order of nanoparticles inside the copolymer phases are not known. For example, it still remains to be fully established whether nanoparticles embedded inside block copolymer lamellae are located within the miscible lamellar phase or whether they prefer to be organized at the interface between the two neighbouring brushes [23, 24] . In order to answer questions like these it is imperative to study the organization of nanoparticles in model systems. Polymer brushes grafted to the substrate offer such model polymer environments [25, 26] . Among the many parameters that govern organization of the nanoparticles inside the polymer brushes are: (1) particle size, (2) strength of polymer/particle interaction [16, 27] , (3) polymer chain length [28] , (4) polymer grafting density and (5) solvent quality. The large number of parameters makes probing the behaviour of brush/nanoparticle hybrids very difficult. Changing individual variables in a discrete manner does not guarantee that the entire behavioural spectrum of the system is explored. These deficiencies can be minimized (or even completely eliminated in some cases) by utilizing a multivariant approach, in which at least one property is varied continuously between two fixed boundaries.
In this paper, we investigate the effect of polymer chain length on nanoparticle attachment to the brushes, while keeping all other parameters mentioned above constant. In order to study this effect systematically, we employ a substrate having a gradient in chain length (i.e. molecular weight) of surface-bound polymer brushes. Gradient substrates are structures wherein one or more physicochemical properties vary continuously along the substrate. Lately, there has been an increased interest in generating and utilizing such gradient substrates [29] [30] [31] . Numerous studies established that such gradient templates offer a unique geometry for probing cell/substrate interactions [29] , phase behaviour in liquid (including polymer) films [32, 33] and motion of liquids [34] [35] [36] . Recent reports from our group also established that gradient substrates prove useful in templating and multivariant studies of polymer behaviour [37] [38] [39] .
In the following sections, we demonstrate that molecular and macromolecular gradients can be utilized as templates for assembling nanosized objects. The arrangement of nanoparticles in 2D and 3D gradients and the dual character of such assemblies are schematically illustrated in figure 1. If one zooms on a 'small' part of a gradient substrate, the region would appear homogeneous with a uniform particle density over the viewing area. In contrast, a gradual variation in the particle number density is detected when the gradient structure is observed over a 'larger' area. Thus, nanoparticle gradient offers a combinatorial substrate that can be used to optimize particle-dependent properties, such as surfaceenhanced Raman scattering [40] . More importantly, the dual nature of gradient systems (discrete on nano/micro scales and continuous on a meso scale) combined with unique properties of nanoparticles can lead to novel applications. In the following sections, we will summarize our previous work in fabricating 2D assemblies of nanoparticles with a gradient in number density as a preamble to explain our work on creating similar assemblies in 3D. Towards the end of the paper we point out a few potential applications of such gradient nanoparticle structures.
Assemblies of nanoparticles on a gradient molecular template
We recently reported on the formation of 2D assemblies of gold nanoparticles with a gradient in number density on flat solid substrates [37] . To accomplish this, we utilized the organosilane vapour deposition technique developed by Chaudhury and Whitesides [34] , and formed a concentration gradient of aminopropyltriethoxysilane (APTES) on flat silica-covered substrates. This methodology involves the evaporation of the APTES moieties and their subsequent diffusion in the vapour phase over a substrate, whose surface has been previously hydrophilized. The placement of the organosilane diffusion source closer to one edge of the substrate results in a gradual decrease of organosilane concentration in the vapour phase over the substrate as one progresses away from the diffusing source. This concentration profile in the vapour phase is replicated on the substrate upon impinging and subsequent attachment of organosilane molecules on the substrate. The gradient molecular template so formed is immersed into an aqueous solution (pH ≈ 6.5) of gold nanoparticles (≈16 nm diameter) that were synthesized following the method described in [41] . As-prepared gold nanoparticles are negatively charged due to the presence of an anionic coating on the particles. Electrostatic attraction between negatively charged particles and positively ionized APTES molecules (-NH substrate guarantees a gradient in number density of adsorbed nanoparticles. Experiments using scanning force microscopy (SFM) reveal that the number density of nanoparticles on the substrate varied continuously as a function of position on the substrate (top panel in figure 2 ).
In order to confirm that nanoparticles followed the profile dictated by the organosilane molecules, we determined the concentration of chemisorbed APTES molecules as a function of position on the substrate by using combinatorial near-edge x-ray absorption fine structure (NEXAFS) spectroscopy [42] . By comparing the results of the combinatorial NEXAFS and SFM measurements, the relationship between spatial variation of the particle density and APTES concentration along the gradient was established. These results confirmed that the nanoparticle number density gradient is closely correlated with the concentration gradient of -NH 2 groups anchored to the substrate (bottom panel in figure 2 ). Taking advantage of the fact that particle number density profile is a direct function of organosilane concentration profile, we demonstrated that the number density of nanoparticles within the gradient and the length of the gradient could be tuned by controlling the vapour diffusion of organosilane molecules. Additionally, we hinted at the power of this technique in fabricating complex architectures by forming a 'double gradient' of nanoparticles, wherein the concentration of attached particles decreased from both ends of the substrate, thus creating a region of decreased particle concentration in the centre of the specimen. 
Gradient assemblies of nanoparticles in polymer brushes
Polymer brushes represent model soft materials that can be conveniently utilized to create well-defined templates for organizing nanosized objects. Despite a multitude of work focusing on the use of physisorbed homopolymers or block copolymers as templates to organize nanoparticles [18] [19] [20] [21] [22] , there have been only a handful of studies that have reported on dispersing nanoparticles using end-grafted polymer assemblies. Similarly, theoretical work aimed at gaining more physical insight into the factors governing dispersions of nanoparticles in polymer brushes has appeared only recently [25, 26, 43] .
Over the past two years, our group has developed several methodologies for generating assemblies of surface-grafted macromolecules with gradually varying polymer grafting densities [38, 39] , chain length [44] and composition [45] . We are now starting to explore the application of these polymer gradient structures as scaffolds for assembling nanosized objects, such as particles. The spatial distribution of the dispersed nanoparticles can be tuned by varying the brush molecular weight and its grafting density on the substrate. Additional tunability can be achieved by adjusting the particle/polymer interactions and/or by varying some external parameter, such as temperature or solvent quality. The gradient geometry allows for systematic exploration of the effect of polymer molecular weight or grafting density, while keeping the other parameters unchanged.
In order to form end-grafted polymers on flat silica-covered substrates, we use atom transfer radical polymerization (ATRP) on account of its ability to form polymers with a relatively low polydispersity index and ease in polymerizing a variety of monomers [46] . Because of the ability of amino groups to bind to negatively charged particles, we grow an amino groupcontaining polymer, namely poly(acryl amide) (PAAm), from flat silica surfaces. PAAm brushes with gradient in chain length are grown using the methodology described in [44] .
To achieve this, we first form a SAM of organosilane-based polymerization initiator, 11-(2-bromo-2-methyl)propionyloxyundecyltrichlorosilane (BMPUS), on a silica-covered silicon substrate, which was previously exposed to ultraviolet/ozone treatment. The polymerization of acryl amide (AAm) is carried out using methanol/water ATRP [47] at room temperature by immersing the substrate vertically into a custom-designed chamber that is charged with 10.0 g of AAm, 30.0 g of methanol, 7.5 g of deionized water, 7.26 g of bipyridine, 0.78 g of CuCl and 0.0033 g of CuCl 2 and purged with nitrogen. A micropump attached to the bottom of the chamber gradually empties the chamber of polymerization medium, thus slowly lowering the level of the solution along the substrate. The polymerization of AAm takes place only on the parts of the substrate that are in contact with the reaction mixture. The length of polymer chains grown at a given point on the substrate is proportional to the time for which that point remains in contact with the reaction mixture, thereby creating a gradient in molecular weight of PAAm along the length of the substrate. The gradient profile can be manipulated by varying the solution drainage speed and CuCl 2 /CuCl ratio [44] . Once the reaction mixture is pumped out completely, the specimen is removed from the chamber, washed thoroughly with deionized water, and blowdried with nitrogen. The dry thickness profile of grown polymer brush along the substrate as measured by variable angle spectroscopic ellipsometry (VASE) is shown in the bottom panel of figure 3 . PAAm thickness along the substrate varies initially almost linearly and then it slowly levels off. The latter behaviour, consistent with literature reports of nonlinear growth of PAAm brushes, can be attributed to the early chain termination [48] . As a side note, it is worth noticing that using the molecular weight gradient formation technique employed here, the entire polymerization kinetics of PAAm is condensed onto a single substrate, thus obviating the preparation of numerous samples under similar conditions usually required for such studies. Since the polymerization initiator is distributed homogeneously on the substrate, the grafting density of the polymerized PAAm chains can be presumed to be roughly constant. Accordingly, a gradient in measured dry thickness of PAAm is attributed primarily to a gradient in chain length (or equivalently molecular weight) of the end-grafted PAAm.
The PAAm chain length gradient so prepared is kept immersed in colloidal gold solution (particle diameter ≈ 16 nm, pH ≈ 6.5) overnight to achieve complete immobilization of particles in the brush. The specimen is subsequently removed from gold sol, washed thoroughly with deionized water and dried with nitrogen. Based on our experience with attachment of gold nanoparticles to the APTES SAM [37] , we speculate that particles are held tightly to PAAm brushes through electrostatic interactions between the charged citrate (on the particle) and -NH + 3 (on PAAm chain) groups. In fact, our recent observation underlines the importance of the electrostatic interactions for the dispersion of the particles in polymer brushes. Specifically, while at low pH nanoparticles are attached to the polymer brushes, when deposited from a gold sol of pH ≈ 9 almost no gold nanoparticles are detected inside the polymer brush. It should be noted that in addition to the electrostatic interaction, other interactions such as hydrogen bonding between particles and the polymer may also be partly responsible for driving particle attachment to the brush.
At this juncture, it is worth thinking about the changes that occur in brush structure upon particle attachment in wet and dry sample conditions. When a PAAm brush is immersed in aqueous colloidal gold solution, swelling of the brush occurs as water is a good solvent for PAAm. The brushes may swell up to as much as 6-10 times their dry thickness [38, 39, 49] . This swelling introduces sufficient space in the structure for the particles to explore deep into the brushes. The actual depth to which a particle can delve into the brush depends on the interplay among the chain length, grafting density of the brush, particle size, particle/polymer interactions and the solvent quality [43] . Generally, swelling polymer brushes beyond their equilibrium conformations is entropically prohibited. This entropic penalty will increase with increasing polymer grafting density, brush length and size of the particle [43] . However, this entropic barrier can be overcome if strong interactions between the polymer and particles exist, such as electrostatic interaction between the negatively charged ions on the gold particle surface and -NH + 3 groups along the PAAm backbone and/or the hydrogen bonding between the particlecitrate groups and the AAm. In the PAAm/gold/water system, the number of sites available for the gold particle attachment is proportional to the number of accessible monomers along the PAAm backbone. Thus, one may expect that the number of attached nanoparticles will increase with increasing PAAm brush molecular weight. When the substrate is removed from aqueous sol and dried, the swollen brush collapses, thus bringing down particles along with it, as shown in the schematic in figure 4 . Such structural collapse makes the dry structure very different from the wet one. While understanding of wet structure requires in situ characterization, it is relatively easier to characterize dry samples with a battery of ex situ thin film characterization techniques as described below. Our goal is to establish the concentration of particles as a function of PAAm molecular weight and their distribution in PAAm dry brush as a function of the particle size. In what follows, we will describe our progress so far in shedding some light on these two important issues.
SFM was used to determine the particle number density along the substrate. Topographical images from selected regions on the substrate are shown in the top panel of figure 3 . The concentration of the particles, as measured by SFM, increases with increasing brush thickness. In the bottom panel of figure 3 , we plot the dry thickness of the PAAm brush before the particle attachment (right ordinate) and the number of particles attached per unit area (left ordinate) plotted as a function of the position on the substrate. The proportional increase in both quantities along the sample lends credence to our assertion that the gradient in particle density is due to a gradient in the anchored PAAm molecular weight. As can be seen from first few SFM images on the left-hand side of the top panel, particles are well separated and can be counted individually for low brush thickness. In contrast, for particles deposited on thicker brushes the images become fuzzy and the particle densities cannot be evaluated easily. Experiments performed with several different SFM tips confirmed that this observation is not an artefact due to tip damage during scanning. Hence, the results from the SFM experiments lead to the speculation that while at low brush thickness particles predominantly adsorb on the surface of the brush, for thicker brushes the fuzziness is due to the onset of nanoparticle penetration into the brush.
Further independent evidence confirming the gradient nature of the substrate comes from UV-visible (UV-Vis) light absorption spectroscopy performed on a particle gradient (cf figure 5(a) ). For this set of experiments, the procedure of forming PAAm brushes with a chain length gradient and subsequent particle attachment as detailed earlier is repeated for a glass substrate. The data in figure 5 (a) show that as particle concentration increases along the gradient, i.e. as the x coordinate along the gradient increases, the intensity of plasmon absorption peak (around 530 nm) associated with gold nanoparticles [1] also increases, accompanied by a red shift in the peak position. Traditionally, such behaviour has been associated with an increase in gold particle concentration [10] [11] [12] , thus justifying our claim that we form the particle density gradient by using a polymer brush molecular weight gradient. Increased broadening of the plasmon peak and increased tail absorption in the red region of the spectrum on thicker PAAm brushes suggest that the interparticle interaction intensifies.
In order to gain a better insight into the structure of nanocomposite assembly, we collected a series of VASE profiles, using light having a wavelength, λ, in the range of 300-800 nm, at different positions along the PAAm brush/particle specimen. In figure 5(b) we plot the characteristic profiles of cos( ) measured at different distances from the sample edge 4 , x. Similar to the UVVis data, the VASE profiles are plotted for the regions on the substrate that correspond to the SFM micrographs in 4 Ellipsometry measures the change in polarization state of light reflected from the surface of a sample in terms of and , which are related to the ratio of Fresnel reflection coefficients, R p and R s for p-and s-polarized light, respectively, tan( ) exp(i ) = R p /R s . Because of the nature of the inverse problem, the and values cannot be directly converted into the index of refraction versus sample depth profile. Rather, a model-based iterative procedure is used to fit the experimentally measured and values. figure 3. The cos( ) spectra after attaching the gold particles to the PAAm brush are very different from those collected from the PAAm brush alone. Specifically, a strong peak around λ ≈ 530 nm can be seen that reveals the presence of gold nanoparticles [50] . The value of cos( ) at the peak, cos( ) max , is found to increase with increasing particle concentration (increasing x). This increase in cos( ) is accompanied by a gradual blue shift in the position of the peak. To understand the reasons behind such a progressive change in the cos( ) profiles, we performed preliminary modelling of the VASE data in order to generate cos( ) profiles for a given structure of PAAm/nanoparticle assembly. We considered two extreme cases of gold particle dispersion: (1) particles lying only on top of PAAm brushes and (2) particles distributed homogeneously throughout the PAAm brush. While in the first case the layered structure used to generate ellipsometry profiles comprised silicon/silica/PAAm/(gold nanoparticles + void), in the second scenario the sequence silicon/silica/(PAAm + gold nanoparticles) was considered. The volume percentage of gold in the composite layer, derived from the SFM images shown in figure 3 , is kept the same in both cases. The corresponding thickness of the PAAm layer used to generate the ellipsometry profile is taken from the dry thickness data in figure 3 and was modified appropriately to account for swelling of the brush due to dispersed particles. Two different models based on either the Bruggeman or the Maxwell-Garnett effective medium approximations (EMA) were applied to evaluate the refractive index of the composite layer. In our calculations, refractive index values of bulk gold are suitably modified to take into account the size effect [1, 50, 51] . Although we could not achieve good fits to the experimental cos( ) curves using either EMA model, the generated cos( ) profiles exhibited a peak around 530 nm and the positions of the peak were blue shifted as we increased gold loading, in accordance with the experimental observations. In figure 6 , we plot experimentally measured cos( ) max values as a function of gold nanoparticle volume percentage and also similar values for the two EMA models described above. In all cases, cos( ) max increases gradually as gold percentage increases. Thus, even with a nonperfect fit, the modelling results were successful in mimicking qualitatively the experimental data, further ascertaining our claim regarding the dependence of particle concentration on molecular weight of the polymer brush.
Very recently Kooij et al [50] reported on a systematic study of gold particle adsorption on an APTES monolayer, wherein particle coverage on the surface was varied by changing the ionic strength of the gold sol. Kooij et al observed a gradual increase in the cos( ) peak height concomitant with a blue shift in the position of the peak as the gold particle concentration is increased on the surface. Like us, Kooij and co-workers could not obtain good fits to the experimental data with either the Bruggeman or Maxwell-Garnett EMA. Though the PAAm-gold nanoparticle system is 3D in nature as against the 2D APTES-gold system considered by Kooij et al, our observations are in line with those in [50] . The VASE experiments are also in agreement with the UV-Vis spectra and the SFM topographic images, confirming that the particle number density in the polymer brush increases with increasing polymer molecular weight. Work is currently under way to fully interpret the VASE results [52] . We speculate that the gold particles will exhibit a more complex distribution that falls in between the two simple boundary cases considered here.
One outstanding issue in polymer brush/nanoparticle composite systems is to determine the spatial distribution of particles in the brush. There have been only a few studies concerning the use of polymer brushes to control the morphological behaviour of nanoparticles. Levicky and coworkers formed a polymer brush by spin coating and annealing poly(styrene-b-ethylene propylene) block copolymer on top of polystyrene homopolymer [28] . The poly(ethylene propylene) block, which formed the brush, was incompatible with octanethiol-coated gold nanoparticles, thus causing particle aggregation on the surface of the brush and consequently rendering particles incapable of penetrating into the brush. Cohen Stuart et al used poly(styrene-b-ethylene oxide) block copolymers, whose poly(ethylene oxide) blocks exhibited favorable interaction with silica particles. The researchers carried out a systematic study of particle intake in the brush as a function of the grafting density and length of the brush [16] . However, the issue of the spatial arrangement of particles in the brush was not addressed in [16] . We have recently initiated a series of angle-dependent x-ray photoelectron spectroscopy (XPS) experiments in order to determine the concentration of gold colloids inside PAAm brushes. Specifically, we studied dispersions of two different sizes of gold particles (diameters ≈3.5 and ≈16 nm) in homogeneous PAAm brushes with different thicknesses. Smaller gold nanoparticles were prepared by following the recipe in [53] . In figure 7 we plot the gold-to-carbon (Au/C) elemental ratio as a function of the XPS take-off angle for the two nanoparticle sizes in PAAm brushes with two different thicknesses. The data reveal that for both particle sizes the Au/C ratio in thin (≈5.5 nm) PAAm brushes decreases as the take-off angle increases. Considering that the increase in the take-off angle is associated with increasing the probing depth in the sample, these results indicate that gold nanoparticles are located predominantly closer to the PAAm brush/air interface. The Au/C ratio for the larger gold particles in thicker (≈13 nm) brushes also decreases with increasing take-off angle, but relative to the thin PAAm case the absolute Au/C values are larger and the difference between the smallest and largest take-off angles decreases. This behaviour suggests that more particles are incorporated into the brush and that the particles may start to form a 3D assembly. The XPS results collected from the 3.5 nm gold particles in thicker (≈10 nm) PAAm show a trend in the Au/C ratio, which is opposite to that of the larger particles. Specifically, upon increasing the take-off angle, the Au/C ratio is found to increase, suggesting that the particles form a 3D assembly by dispersing deeper into the PAAm brush. These results illustrate the intimate interplay between the particle size and the brush thickness that determines the spatial distribution of the particles inside the polymer brushes. Further extensive investigation using XPS and other techniques such as x-ray reflectivity is under way to substantiate these preliminary inferences [52] .
Applications of nanoparticle gradient assemblies
There are multiple uses for the nanoparticle gradient assemblies. Gradient nanoparticle structures can be employed to optimize some 'traditional' [13] applications by providing a continuous variation of particle loading thus enabling combinatorial exploration of the (typically) broad parameter space. For example, the controlled variation in distribution of particles allows rapid testing of potential nanoparticlebased catalysts and sensors. Additionally, on account of their gradually changing structure, these assemblies can be envisaged to be useful in devices such as filters-some components of fluids, for example, could pass through the gaps in the less concentrated part of the particle gradient, but be blocked by the thicker concentration. Such filters could also be tailored to detect or capture harmful viruses or toxins. Because of the parallels between synthetic chargeable objects and natural protein molecules, we envision that gradients based on nanoparticle/brush systems can be used as model structures for studying protein adsorption. It has been proposed that for inhibiting protein adsorption, high grafting density is most effective for small proteins, whereas increased layer thickness is most effective for large proteins [54, 55] . While some experimental evidence of these predictions has been reported [56] [57] [58] [59] our understanding of protein adsorption on polymeric substrates is still far from complete. By utilizing the polymer assemblies comprising gradients in grafting density and/or length one would be able to study systematically the interplay between various entropic and enthalpic interactions governing the adsorption of proteins on surfaces. Work is currently in progress towards the realization of these applications.
